ABSTRACT In some systems, grasshoppers appear to be food limited in most years, whereas in other systems top down forces, for example, predators, are more often implicated in population regulation. Sustainable strategies to manage grasshopper populations through habitat management require knowledge of the forces that regulate grasshopper populations. This experiment was undertaken to determine whether populations of Melanoplus borealis (Fieber), a common pest species in Alaska, are food-limited in Alaska. Cages were set up in a fallow Þeld near Delta Junction, AK, in 3 yr (2007Ð2009). In 2007 and 2008, fertilizer was added to half the plots to increase primary production, and, in all years, cages within each plot were stocked with 0, 5, 9, or 13 fourth-instar M. borealis (equivalent to 0, 20, 36, or 52 grasshoppers/m 2 ). Grasshoppers in each cage were counted weekly. Near the end of the growing season, surviving female grasshoppers (Ϸ40% of the original number) were collected. Femur length was taken as a measure of adult size, and functional ovarioles were counted as a measure of current fecundity. If the grasshoppers were food limited, we expected to see signiÞcant effects of either density or fertilizer on grasshopper survival, size, or fecundity. The fertilizer treatment greatly increased primary production in both years. Neither fertilizer treatment nor grasshopper density had consistent effects on survival, size, or potential fecundity, leading us to conclude that food is seldom limiting to populations in the interior of Alaska at densities Ͻ50 m
Grasshoppers cause substantial losses to forage on rangeland and pastures (Hewitt and Onsager 1982 , Onsager 1983 , Thompson et al. 1995 and to Þeld crops (Gage and Mukerji 1978, Begna and Fielding 2005) , but chemical control of grasshopper pests is rarely justiÞed because of the low per-area value of forages and the extensive areas needed to be treated to protect crops, and because of potential impacts to nontarget organisms (Quinn et al. 1990 (Quinn et al. , 1991 . More sustainable strategies to manage grasshopper populations involve some form of habitat management, which requires knowledge of the forces that regulate grasshopper populations (Branson et al. 2006) . Different forces, top-down (predators and parasitoids), bottom-up (resource limitation), or density-independent environmental conditions, may interact and be effective in different environments (Belovsky and Joern 1995 , Joern 2000 , Ritchie 2000 , Ovadia and Schmitz 2004 , Schmitz 2004 or even at different times within a season (Branson 2008) . For instance, conditions favorable to grasshopper survival and reproduction, such as high food quality and quantity or exceptional overwintering survival, could allow grasshopper populations to rapidly increase beyond the level of predator satiation to the point that food becomes limiting (Belovsky and Joern 1995) . Belovsky and Joern (1995) and Joern (2000) called for a research emphasis on understanding the conditions under which different forces are effective and how they interact in regulating grasshopper populations. Several studies have been conducted to examine these questions in grasslands of North America (Evans 1992 , Joern and Klucas 1993 , Belovsky and Slade 1995 , Oedekoven and Joern 2000 , Ritchie 2000 , Branson 2003 , but never in subarctic regions. Study of grasshopper populations near the edge of their geographical range, where abiotic conditions may be expected to exert strong inßuence, may provide insight as to which processes are dominant under different conditions. In the interior of Alaska, populations of grasshoppers, primarily Melanoplus borealis (Fieber), M. sanguinipes (F.) , and Camnula pellucida (Scudder), have periodically reached outbreak densities. These species are prominent members of grasshopper assemblages across a wide geographical and ecological range and are also dietary generalists, feeding on a wide variety of grasses and forbs (Pfadt 2002) . The natural habitat for these grasshoppers in Alaska is nonforested areas, such as dry, south-facing hillsides, recently burned areas, and frequently ßooded river plains. With agricultural development in this area, new habitat was created in the form of roadsides, Þeld margins, and fallow Þelds.
The growing season in this region is short, but plant growth is promoted by warm summer temperatures, long day-length, and adequate precipitation. Of total annual precipitation of Ϸ30 cm, over 50% falls from June to August. The objective of this study was to determine whether bottom-up forces (food limitation) potentially regulate populations of M. borealis in the interior of Alaska. Different densities of grasshoppers were enclosed in cages. If grasshoppers were food limited, density-dependent reduction in grasshopper survival, growth, or reproduction would be expected. Nitrogen (protein) is most commonly implicated as the nutrient limiting insect herbivore growth and reproduction (Mattson 1980) . Studies in various regions have shown that N fertilization usually increases food resources available and often increases the numbers of grasshoppers supported in a given area (Heidorn and Joern 1987 , Ritchie and Tilman 1992 , Schmitz 1994 , Danner and Joern 2003 . Therefore, treatment with supplemental N was also included in the experimental design. If grasshoppers were N-limited, addition of N to the system should increase primary production and support a greater number of grasshoppers than with ambient levels of N.
Methods and Materials
Cages were set up in a fallow Þeld near Delta Junction, AK, in 2007 AK, in , 2008 AK, in , and 2009 . The Þeld was cleared of second-growth trees in 2001 and seeded in 2002 with a mixture of grasses: smooth brome (Bromus inermis), red fescue (Festuca rubra), and timothy (Phleum pratense). Cages were made from horticultural netting with hole size of 1 ϫ 4 mm (Econet B, Ludvig Svensson, Sweden), supported by PVC pipe. This netting allows Ͼ85% transmission of direct sunlight, and reduces airßow by Ͻ5%. Cages covered an area of 0.25 m 2 and were Ϸ0.8 m high. Four cages were placed in each of 16, 2 ϫ 8 m plots. One of four density treatments (0, 5, 9, or 13 grasshoppers per cage, equivalent to 0, 20, 36, or 52 grasshoppers/m Ϫ2 ) were randomly assigned to each cage within a plot. Densities of natural populations of all grasshopper species combined in the area were Ͻ10 per m 2 during the experiment. One half of the plots were selected at random to receive nitrogen fertilizer, to yield eight replicates (cages) for each combination of treatments (N fertilization ϫ grasshopper densities). Nitrogen in the form of urea was applied to the surface at the rate of 100 kg/ha N. Phosphorus (triple superphosphate) and potassium sulfate were applied to all plots to ensure that these nutrients were not limiting, at rates of 46, 60, and 22 kg/ha for P, K, and S, respectively. Fertilizers were applied 10 Ð14 d before setting up the cages. In 2009, no fertilizer treatment was included in the experimental design, because of a shortage of grasshoppers to stock the cages and based on consideration of results from previous years. Although it was not possible to have equal amounts and species composition of plants in all the cages, cages were placed over patches of vegetation representative of the mix of plant species present in each plot. (Joern and Klucas 1993, Branson 2003) . Length of femurs were measured to assess body size attained by females.
Grasshopper survival (arcsine-transformed proportion of the initial number of grasshoppers surviving at each weekly census) was analyzed as a repeated measures design (Proc Mixed, SAS Inst. 2003) . This procedure provides options for specifying different models of the variance between cages and covariation between measures at different times within the same cage (covariance structure) (Littell et al. 1998) . Several different models were tested and, based on Þt statistics (SawaÕs Bayesian information criterion), a heterogeneous Þrst-order autoregressive model was employed in testing of the Þxed effects. Because of differences in vegetation and weather among years, data for each combination of year and fertilizer treatment were Þrst analyzed separately. A signiÞcant time by density effect in the repeated measures ANOVA indicated signiÞcant differences in proportional survival among density treatments over time. Given a signiÞcant time by density effect, plots of survival were examined and pair-wise contrasts (ESTIMATE statement in Proc Mixed, SAS Inst. 2003 , Littell et al. 1998 were made between density treatments at different sampling times to determine when survival trajectories diverged and in which direction.
Comparisons of survival between fertilizer treatments were also conducted within each density class separately using repeated measures ANOVA. Using the same methods, comparisons of survival between years was conducted within density and fertilizer treatments. Femur-length and number of functional ovarioles of surviving females were analyzed as a splitplot design with fertilizer as an among-plots effect and initial grasshopper density as the within-plot effect.
We assessed the relative contribution of grasses and forbs to the food resources of M. borealis by inspection of crop contents of free-ranging individuals. In July and early August of 2006, 100 adult M. borealis were collected in the same Þeld in which the experiment was conducted and stored in 70% ethyl alcohol. The contents of the foregut of each grasshopper was inspected under 100ϫ magniÞcation and the presence of forbs and grasses determined based on cellular characteristics (Brusven and Mulkern 1960, Holecheck and Gross 1982) . Data were recorded as the frequency of grasshoppers containing forbs only, grasses only, or both.
To evaluate food resource availability within the cages, plants remaining at the end of the season were clipped and sorted into grasses and forbs. Vegetation was dried at 60ЊC for 48 h, ground in a Wiley mill, and weighed. Not all of the energy contained in plants is available to insect herbivores; structural carbohydrates such as cellulose, lignin, and hemicellulose are not assimilated by grasshoppers (Clissold et al. 2004 , Strengbom et al. 2008 . Therefore, as an indicator of food quality, the percentage of structural carbohydrates in grasses at the end of the season was determined by neutral detergent Þber (NDF) analyses, which is a reliable measure of structural carbohydrates (Van Soest et al. 1991 ). An index of resource availability at the end of the season was computed for each cage as the product of plant biomass and neutral detergent solubility (1-NDF). The vegetation samples from within the cages at the end of the season were analyzed for total N using the dry combustion method. To assess the effect of N fertilization on foliar N content of plants during the growing season, samples of leaves of the most common plants were taken within the plot boundaries just outside the cages in June, July, and August of 2007.
Vegetation attributes were compared among density treatments using univariate ANOVA, analyzed as a split-plot design (Proc Mixed, SAS Inst., 2003) , with fertilization as an among-plots effect and initial density of grasshoppers as a within-plot effect. Dependent variables included resource availability by forbs and grasses (product of biomass and 1-NDF), and N content of grasses and forbs. Forb and grass resources were log-transformed to stabilize variances. Other variables met the assumptions of ANOVA without transformation.
Weather variables were measured and recorded at a weather station (Campbell ScientiÞc, Inc., Logan, UT) located Ͻ1 km from the study site. Precipitation, air temperature (1.25 m above ground), and solar irradiance (Watts/m 2 ) were measured at 10 min intervals, and hourly means recorded. Air temperature and solar irradiance were used to estimate developmental units for grasshopper growth using methods described in Fielding (2004) , scaled such that summed developmental units equal to 1.0 is equivalent to the time required to develop from egg hatch to adult. Cumulative developmental units, average air temperature, and total precipitation were calculated for each year over the time period that the experiment was conducted.
Results
Evidence for density effects on grasshopper Þtness was inconsistent. There were signiÞcant time by density effects, indicating differing survival trajectories among density treatments, only in 2007 in the fertilized plots and in 2008 in the unfertilized plots (Table  1) . In both cases, the direction of the differences was as expected if density dependent mortality were occurring ( Figs. 1 and 2 ). In 2007, in the fertilized plots, the low density cages had better survival than did the medium and high density cages, with signiÞcant differences between the low and medium density becoming evident after Ϸ5 wk and between low and high density treatments after Ϸ7 wk (Fig. 1) . In 2008, in the unfertilized plots, low density cages had better survival compared with the high density cages after Ϸ5 wk (Fig. 2) . In 2009, no differences in survival trajectories among the density treatments were detected (Table 1 ; Fig. 1 ).
Repeated measures ANOVA was also used to compare survival among years and between fertilizer treatments. In 2007 and 2008, there were differences in survival between fertilizer treatments in the medium density cages, with better survival in the unfertilized plots (fertilizer by time interaction, F ϭ 4.3; df ϭ 6, 84; P Ͻ 0.001, and F Ͼ 2.8; df ϭ 6, 84; P ϭ 0. 016, in 2007 and 2008, respectively) . No differences between fertilizer treatments were detected in the low or high density cages (F Ͻ 1.9; df ϭ 6, 84; P Ͼ 0.18). In the inter-annual comparisons, survival in year 2007 was better than in 2008 and 2009 in the medium and high density cages of the unfertilized plots (year by time interaction, F Ͼ 1.8; df ϭ 12; 120; P Ͻ 0.02 in each case). In the fertilized plots, survival was better in 2007 than in 2008 in the low density cages (F ϭ 6.7; df ϭ 6, 84; P Ͻ 0.001), whereas in the medium density cages, survival was better in 2008 than in 2007 (F ϭ 4.8; df ϭ 6, 84; P Ͻ 0.001).
Size and current fecundity of the grasshoppers were signiÞcantly less in 2007 than in 2008 or 2009 (Fig. 3) (F ϭ 46.0; df ϭ 2, 99; P Ͻ 0.0001 and F ϭ 35.3; df ϭ 2, 89; P Ͻ 0.0001 for femur length and functional ovarioles, respectively). Density and fertilizer treatments had no effect on mean number of functional ovarioles (Table 2 ; Fig. 3 ) in any year. Female adult size, as measured by femur length, was not inßuenced by grasshopper density or fertilizer treatment (Table 2) , except possibly in 2009 (Table 2 , P ϭ 0.058), when females were slightly smaller in the high density treatments than in low density cages (Fig. 3) .
Weather differed among the years, with 2008 being the coolest and wettest. Average temperature during Other forb species present included horsetail (Equisetum arvense), clover (Trifolium sp.), and yarrow (Achillea millefolium). Grasses were not separated by species for analysis, but consisted of, in approximate order of abundance, smooth brome (Bromus inermis), red fescue (Festuca rubra), bluejoint (Calamagrostis canadensis), and foxtail barley (Hordeum jubatum). The low precipitation during the summer of 2009 was reßected in low resource availability of grasses in that year (Table 3 ). In contrast, availability of forbs in the unfertilized plots did not vary greatly among years (Table 3) .
Plant biomass in this system was nitrogen limited, as indicated by a strong response, particularly by the grasses, to N addition in both years (Table 3) . Grasses responded strongly to the additional N in both years, but fertilizer affected forb (Tables 3 and 4) . Nitrogen fertilization also increased N content of both grasses and forbs in both years (Table 4) , although by the end of the season differences were not great: the largest difference was found in forbs (whole plants) in 2008, 0.77 versus 1.05% N for unfertilized and fertilized plots, respectively. Leaf samples taken of plants just outside the cages in 2007 showed the effects of fertilization during the growing season (Table 5) . Fertilization increased foliar N to a greater degree in forbs than in grasses, perhaps because the greatly increased biomass of grasses diluted N content.
Analysis of crop contents of free-ranging M. borealis indicated a preference for forbs, but grasses were also consumed: 38 grasshoppers contained only forbs, 21 crops contained both grasses and forbs, and 17 contained grasses only. Grasshopper density reduced resource availability of grasses in the unfertilized plots in 2007 and 2008, but not in 2009 (Tables 3 and 4) (Table 4) .
Discussion
Evidence for food limitation in this experiment was not robust, even though grasshopper density was great enough to have a measurable reduction in resource availability of either forbs or grasses in each year in the unfertilized plots. In 2007, grasshopper survival was higher in the low density cages compared with medium or high density cages in the fertilized plots, but not in the unfertilized plots. Although forbs did not increase with fertilization in 2007, resource availability was much greater in the fertilized cages because of a strong response by the grasses. The lack of a response to additional N by forbs in 2007 may be because of the dominance of forb biomass by Þreweed, which is a perennial and therefore not as strongly dependent on current yearÕs nutrient supply in the soil. If food limitation were occurring in 2007, we would expect a stronger effect in the unfertilized cages, which was not the case. In 2008, grasshoppers in low density treatments in the unfertilized plots had better survival than in cages with higher densities. In 2009, the year with lowest primary production, no differences in survival were detected with the repeated measures ANOVA, but the effect of initial grasshopper density on size of adult females was marginally signiÞcant, in the direction to be expected if food limitation was happening.
Even though all signiÞcant differences in grasshopper Þtness measures were consistent with density dependent resource limitation, supporting evidence that these differences could be attributed to resource limitation was scant. The best evidence for resource limitation was in the unfertilized plots in 2008, when grasshoppers had the greatest impact on resource availability of both grasses and forbs (Table 3) , and differences in survival were evident after 6 wk (Fig. 1) . Inspection of the contents of the fore-gut of Þeld collected M. borealis showed that both forbs and grasses were consumed, with forbs being more commonly consumed. Resource availability was lowest in 2009, but no density-dependent effect on survival was observed in this year. Supplemental N increased resource availability, and food quality (as determined by N content), but the only differences found between fertilizer treatments were decreased survival in the fertilized plots in the medium density cages. This is in contrast to previous studies that demonstrated positive responses by grasshoppers to N fertilization (Ritchie and Tilman 1992 , Oedekoven and Joern 2000 , Ritchie 2000 , Danner and Joern 2003 . Schmitz (1994) used the same species of grasshopper, M. borealis as this study, and reported a small, but signiÞcant, increase (Ϸ15%) in grasshopper biomass in cages receiving supplemental N. Initial stocking rates by Schmitz (1994) were higher than in this study (equivalent to 60 m Ϫ2 ), but the experiment was designed to examine nymphal survival only and was terminated after 35 d when adult grasshoppers began to appear.
It may be that the lush growth of vegetation in the fertilized plots resulted in unfavorable microclimate for grasshoppers in Alaska. Temperature has a strong inßuence on rates of feeding and digestion in grasshoppers (Parker 1930) . Under low temperatures or cloudy skies that limit their ability to thermoregulate, a given density or biomass of grasshoppers will consume and assimilate less food per day than an equivalent population in warmer, sunnier climates (Chase 1996) , and thus may be considered equivalent to a lower population density. Another perspective on the same general concept, as presented in Schmitz (2008) , is that herbivores may either be limited by their capacity to consume and process food, termed relative food limitation, or be limited by the absolute amount of food that is available. Consequently, in subarctic regions, the density at which grasshopper populations experience absolute food limitation may be expected to be higher for a given level of resources than in warmer climates. Ritchie (2000) reported increased grasshopper density in fertilized plots, suggesting that food was limiting, but only in warm years not in the coolest years, over an 8 yr study conducted in Minnesota. It may be that cool temperatures in Alaska limited the amount of food grasshoppers could process, preventing them from fully exploiting available resources. The results of this study, however, are not entirely consistent with this hypothesis, because 2008, during which the best evidence of density-dependent mortality was observed, was the coolest and wettest year. If food consumption by these grasshoppers was limited by temperature, weaker density-dependent effects would be expected in 2008.
The Whether lab-reared grasshoppers consumed less food than the Þeld-collected grasshoppers was not determined, but there is no a priori reason to expect that (Oedekoven and Joern 1998) . Pathogens also could be responsible for observed density-dependent mortality. No direct evidence for diseases was observed (such as sporulating cadavers [Bidochka and Roberts 2000] ), but many insect pathogens act in a density-dependent manner (Briggs et al. 1995) . Belovsky and Joern (1995) developed a graphical model of grasshopper population dynamics that illustrates the interactions among density-independent environmental conditions, food availability, and predation. Using this model, they showed that although density independent factors cannot regulate populations, such factors may determine whether top-down forces or resource limitation regulates the population. For instance, an occasional year of drought could reduce food availability so much that grasshopper reproduction is greatly reduced. In the next generation, density of grasshoppers would be low enough that generalist predators would be able to regulate populations, perhaps for several subsequent generations, even after environmental conditions improve. In the present case, near the geographical limits of this species range, abiotic conditions may be expected to play a large role in population dynamics of grasshoppers. In subarctic regions, even though grasshoppers are well adapted to local conditions (Fielding 2004 , Fielding and DeFoliart 2007 , 2010 , environmental temperature is an obvious factor to consider in the interacting forces that regulate populations. Further research will be necessary to understand these interactions, however.
There is always some upper limit to herbivore population density at which they will be food limited. This study did not Þnd strong effects of resource limitation on M. borealis on fallow Þelds in interior Alaska. Even if the use of lab-reared grasshoppers in two of the 3 yr affected the results, resource limitation was seen only at high densities (Ͼ36 m Ϫ2 ) after 5 or 6 wk. Primary production was probably near long-term average for these sites (rainfall was somewhat above normal in 2007 and 2008, but average temperatures were somewhat lower). During previous outbreaks, densities of 100/m 2 were reported (Miller et al. 1994 ), but densities are typically Ͻ20/m 2 . In the last Þve generations, natural Þeld population density of all species combined have been much lower (D.J.F., unpublished data) than densities maintained within the cages. Therefore, we conclude that resource limitation of populations of M. borealis in this system is an infrequent event. 
